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Abstract
We propose a new approach for studying the neutron
star/supernova remnant associations, based on the idea
that the supernova remnants (SNRs) can be products of
an off-centered supernova (SN) explosion in a preexist-
ing bubble created by the wind of a moving massive star.
A cavity SN explosion of a moving star results in a con-
siderable offset of the neutron star (NS) birth-place from
the geometrical center of the SNR. Therefore: a) the high
transverse velocities inferred for a number of NSs through
their association with SNRs can be reduced; b) the proper
motion vector of a NS should not necessarily point away
from the geometrical center of the associated SNR. Taking
into account these two facts allow us to enlarge the circle
of possible NS/SNR associations, and could significantly
affect the results of previous studies of associations. The
possibilities of our approach are illustrated with some ex-
amples. We also show that the concept of an off-centered
cavity SN explosion could be used to explain the peculiar
structures of a number of SNRs and for searches for stellar
remnants possibly associated with them.
Key words: Stars: neutron – ISM: bubbles – ISM: super-
nova remnants
1. Introduction
Usually the evaluation of reliability of claimed NS/SNR
associations is based on the use of five criteria formulated
by Kaspi (1996), which come to the following questions:
– do independent distance estimates agree?
– do independent age estimates agree?
– is the implied transverse velocity reasonable?
– is there evidense for any interaction between the NS and
SNR?
– does the proper motion vector of the NS point away
from the SNR center?
The last question is considered the most important one
since “a proper motion measurement has the potential to
⋆ “Tbilisi is an attractive city and a major cultural and edu-
cational centre” (The New Encyclopædia Britannica, 1998, v.
11, p. 592). For one more example of attractive and nice cities
see Frisch (2001).
disprove an association regardless of the answers to the
other questions” (Kaspi 1996).
Sometimes a claimed NS/SNR association is consid-
ered as false on the basis of statistical studies of associa-
tions (e.g. Gaensler & Johnston 1995, Lorimer et al. 1998).
For example, one of the arguments against the associa-
tion of PSR B1706-44 with the SNR G343.1-2.3 (Nicas-
tro et al. 1996) is based on the suggestion by Gaensler
& Johnston (1995) that young (< 25 000 yr) NSs cannot
overrun their parent SNR shells.
However, these approaches neglect two very important
effects: the modification of the ambient medium by the
ionizing emission and stellar wind of massive stars (the
progenitors of most of SNe), and the proper motion of
SN progenitor stars. The first effect is important since
it is the subsequent interaction of SN blast waves with
their processed ambient medium (a system of cavities and
shells) that results in the observed SNRs: their structure
and evolution are already known to deviate significantly
from those derived from standard models of SNRs based
on the Sedov-Taylor solution (e.g. Shull et al. 1985; Ciotti
& D’Ercole 1989; Chevalier & Liang 1989; Franco et al.
1991). The stellar proper motion should be considered
since it could result (Gvaramadze 2000,2002 and refer-
ences therein) in a considerable offset of the SN explosion
site from the center of the wind-driven bubble (i.e. from
the geometrical center of the future SNR).
Taking into account these two effects could signifi-
cantly affect the results of previous studies of NS/SNR
associations, and allow us to enlarge the circle of possible
NS/SNR associations and to search for new associations.
2. Reliability of NS/SNR associations
We now discuss the criteria for evaluating the reliability
of NS/SNR associations proposed by Kaspi (1996). It is
obvious that the first two criteria should be undoubtedly
fulfilled for any proposed association. But the application
of the third and fifth ones for evaluating of proposed as-
sociations is not so straightforward, since they are based
on the assumption that the SN explosion site coincides
with the geometrical center of the SNR. This assump-
tion, however, could be erroneous in the case of a density-
stratified interstellar medium (e.g. Gulliford 1974) or in
the case of an off-centered cavity SN explosion (Gvara-
madze 2000,2002 and references therein). In both cases
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2the velocity estimates implied by angular displacements
of NSs from the geometrical centers of associated SNRs
could be significantly in error, while the associations re-
jected on the basis of high implied transverse velocities
of NSs [e.g. SGR0525-66/SNR N49 (Kaspi 2000) or PSR
B1706-44/SNR G343.1-2.3 (Nicastro et al. 1996)] could
be genuine.
It is clear that the proper motion vector of a NS born in
an off-centered cavity SN explosion could be oriented arbi-
trarily with respect to the geometrical center of the asso-
ciated SNR. Therefore one can naturally explain why the
tails behind a number of NSs [e.g. PSR B1757-24 (Frail
et al. 1994; see also Sect. 3.2) or a compact X-ray source
in the SNR IC 433 (Olbert et al. 2001)] do not point to-
wards the centers of their parent shells. In principle, the
proper motion vector of a NS even could be directed to the
center of the SNR (just this situation takes place in the
case of PSR B0656+14, which is located within the SNR
Monogem Ring; see Thompson & Co´rdova 1994). There-
fore it is not impossible that a NS born far from the center
of the former wind-driven bubble (now the center of the
SNR) will reach it after a while (a possible example: the
24 000 yr old PSR J 1811-1925 located close to the cen-
ter of the nearly circular SNR G11.2-0.3; see Torii et al.
1997). From this follows that the age of a NS inferred
from the NS displacement from the geometrical center of
the associated SNR could be considerably underestimated
(cf. Kaspi et al. 2001 and Migliazzo et al. 2002).
The fourth criterion should be applied for those claimed
associations, where the NS is located not far (at least in
projection) from the SNR’s shell, e.g. in the case of PSR
B1706-44, which is superposed on the arc-like “shell” of
the SNR G343.1-2.3. One of the arguments against the as-
sociation between these objects is the absence of any signs
of interaction between the pulsar and the SNR’s shell (e.g.
Nicastro et al. 1996). But the apparent location of a NS on
the edge of SNR’s shell simply could be due to the effect
of projection in nonspherically-symmetric SNRs (Bock &
Gvaramadze 2002a,b).
3. Some examples
3.1. PSR B 1610-50/SNR Kes 32
Sometimes the high implied transverse velocities of NSs
are used to discard the possible NS/SNR associations. For
example, Stappers et al. (1999) suggested (cf. Pivovaroff
et al. 2000) that the lack of a pulsar wind radio nebula
around PSR B1610-50 means that the maximum space
velocity of this pulsar is 450d5 km s
−1, where d5 is the dis-
tance to the pulsar in units of 5 kpc, and therefore it could
not be associated with the nearby SNR Kes 32 since this
association implies the transverse velocity of the pulsar
of ≃ 2000 kms−1 (Caraveo 1993). The implied velocity,
however, could be reduced two times simply due to the
possible off-centered cavity SN explosion, and once again
two or even more times if the braking index of the pulsar
is similar, respectively, to that of PSR B0540-69 (n = 1.8)
or the Vela pulsar (n = 1.4).
3.2. PSR B1757-24/SNR G5.4-1.2
The high transverse velocity also was inferred for PSR
B1757-24, which lies well outside the shell of the SNR
G5.4-1.2 (e.g. Caswell et al. 1987). The physical associa-
tion of these two objects was firmly established after the
discovery (e.g. Frail & Kulkarni 1991) of a tail of radio
emission connecting the pulsar with the SNR. However,
the pulsar PSR B1757-24 is more interesting in that its
proper motion vector does not point away from the geo-
metrical center of the SNR (Frail et al. 1994). We suggest
that the SNR G5.4-1.2 is the result of an off-centered
SN explosion in the preexisting wind-driven bubble sur-
rounded by a massive shell. The mass of the shell is a
very important parameter since it determines the evolu-
tion of the SNR: if the mass of the shell is ≥ 50 times
the mass of the SN ejecta, the SN blast wave merges
with the shell (e.g. Franco et al. 1991) and evolves into
a momentum-conserving stage (i.e. propagates with a ve-
locity< 200 kms−1). In this case, even a young NS moving
with a moderate velocity (≥ 200 kms−1) is able to overrun
the SNR’s shell (cf. Gaensler & Johnston 1995), provided
that it was born not far from the edge of the wind-driven
bubble. Our suggestion allows to reduce considerably the
transverse velocity of the pulsar1 and naturally explains
why the tail behind the pulsar does not point back to the
center of the SNR.
3.3. PSR B1706-44/SNR G343.1-2.3
The reader is referred to Bock & Gvaramadze (2002a,b)
who provide some arguments in support of this association
in details.
4. Peculiar SNRs
A concept of an off-centered cavity SN explosion could be
used to explain the peculiar structure of a number of SNRs
and thereby to infer the “true” SN explosion sites in these
SNRs. The later, in its turn, could be used for searches
for stellar remnants possible associated with these SNRs.
4.1. RCW86
We suggest that the SNR RCW86 is the result of a cav-
ity SN explosion of a moving massive star (cf. Vink et al.
1997), which ends its evolution just near the edge of the
main-sequence (MS) bubble. We also suggest that the
1 An indirect support to this suggestion comes from the re-
cent observations of the radio nebula surrounding PSR B1757-
24 (Gaensler & Frail 2000), which showed that the proper mo-
tion velocity of this pulsar should be much less than the implied
one.
3bright protrusion in the southwest half of the SNR is the
recently shocked dense material of a bow shock-like struc-
ture generated by the moving SN progenitor star during
the red supergiant (RSG) phase [we interpret a clumpy
optical arc of radius of ≃ 1.5d2.8 pc located interior to the
X-ray and radio outlines of the protrusion (see, e.g., Fig.
2 of Rosado et al. 1996) as the remnant of this structure],
while the remainder of the SNR is due to the interaction
of the SN blast wave with the wall of the adjacent MS
bubble. For the SNR’s age of few times 103 yr (i.e. the
time required for the SN blast wave to cross the MS bub-
ble of diameter of ≃ 35 pc) and provided that the NS was
born with the velocity of ≃ 200 kms−1, one can propose
that the stellar remnant should be still within the region
bounded by the optical arc. To check this proposal we
analysed the archival ROSAT data, but the limited pho-
ton statistics and the moderate spatial resolution of the
ROSAT PSPC did not allowed the detection of a possi-
ble compact X-ray source against the bright background
emission of the SNR’s shell. The analysis of the Chandra
data (which shortly will be publicly available) would be
highly desirable.
4.2. 1E 0102.2-7219
A massive star moving with a sufficiently large velocity
(> few km s−1) crosses the MS bubble and during the
RSG phase moves mainly through the unperturbed in-
terstellar medium. The slow, dense wind losing during the
RSG phase assumes the form of an elongated tail stretched
behind the moving star. This asymmetric and massive
(≃ 10M⊙) circumstellar structure could survive the pas-
sage of the SN blast wave and will appear as a “spoke”
of thermal X-ray emission joining the SN explosion site to
the circular shell of the young (few times 103 yr) SNR. We
suggest that just this situation takes place in the case of
the SNR 1E 0102.2-7219 and interpret a prominent curl
on the south end of the “spoke” (see Fig. 1 of Gaetz et al.
2000) as the recently shocked wall of the “hollow” tail
produced by the moving SN progenitor star.
In the above two examples we assumed that the SN
explodes just after the RSG phase, that is that the zero
age MS mass of the SN progenitor star was ≤ 20M⊙ (e.g.
Vanbeveren et al. 1998). If, however, the progenitor star is
more massive, then after the RSG phase it evolves through
the Wolf-Rayet (WR) phase. The existence of this addi-
tional evolutionary phase could have some important con-
sequences. One of them is discussed below.
5. Mixed-morphology SNRs
We propose that the SN explosion sites in some middle-
aged (shell-like) SNRs could be marked by nebulae of
thermal X-ray emission and that this emission could be
responsible for the centrally-peaked X-ray appearance of
some (so-called mixed-morphology; Rho & Petre 1998)
SNRs. Our proposal is based on the following simple ar-
guments (see also Gvaramadze 2000,2002).
A massive star, before it explodes as a SN, loses during
the RSG phase a considerable fraction (≥ 2/3) of its ini-
tial mass in the form of a slow, dense wind, which occupies
a region of radius a few pc. The subsequent interaction
of the fast WR wind with the slow RSG wind results in
the origin of dense clumps, radially moving with veloci-
ties of ≥ 100 kms−1 (see Gvaramadze 2001 and references
therein). After the SN explodes, the SN blast wave prop-
agates through the tenuous interclump medium, leaving
behind the dense clumps embedded in the hot shocked in-
terclump gas. The gradual evaporation of the material of
radially moving clumps results in the origin of an expand-
ing nebula of thermal X-ray emission, which is centered
on the SN explosion site2.
Let us consider two mixed-morphology SNRs.
5.1. 3C 400.2
The SNR 3C400.2 consists of two circular radio shells
with the centrally-filled thermal X-ray emission peaked
on the region where the radio shells overlap each other
(Dubner et al. 1994; see also Yoshita et al. 2001). We sug-
gest that this SNR is the result of a SN explosion inside
the large-scale WR bubble adjacent to the MS bubble (cf.
Dubner et al. 1994; Vela´zquez et al. 2001). We also sug-
gest that the (thermal) X-ray emission comes from the
hot gas evaporated from the dense circumstellar clumps
(see above) and that the X-ray peak coincides with the
SN explosion site. Note that the mass of X-ray emitting
material is ≃ 10M⊙d
2.5
2.3 (Yoshita et al. 2001), where d2.3
is the distance to the SNR in units of 2.3 kpc (Giacani
et al. 1998), whereas the expected mass of circumstellar
gas (i.e. the mass lost during the RSG phase) is > 15M⊙.
5.2. G 290.1-0.8
The SNR G290.1-0.8 consists of an elongated radio shell
and a central nebula of thermal X-ray emission. The unab-
sorbed 0.5-10.0 keV flux from the SNR is 1.8×10−10 erg cm−2 s−1
(Slane et al. 2002), that at a distance of 7 kpc corre-
sponds to a luminosity L ≃ 1036d2
7
erg s−1. We suggest
that the SN explodes far from the MS bubble, but in-
side the large-scale WR bubble (surrounded by a massive
shell; see below). To estimate the mass of X-ray emit-
2 The centrally-filled X-ray appearance of some SNRs could
be connected with the development of large-scale Rayleigh-
Taylor deformations of the preexisting wind-driven shell (in-
duced by the impact of the SN blast wave), which results in
the increase of the effective “thickness” of the SNR’s shell. For
example, this effect could be responsible for the absence of the
limb-brightening in the northwest and southeast quadrants of
the Vela SNR (Gvaramadze 1999a). For different points of view
on the origin of the mixed-morphology SNRs see White & Long
(1991) and Petruk (2001).
4ting gas, MX, we assume that most of the observed X-
ray flux comes from the bright central nebula of radius
R ≃ 4d7 pc. Then assuming that the gas is homoge-
neously distributed over the whole volume of the neb-
ula, one has MX = (4piR
3L/3Λ)1/2mH, where Λ = 6.2 ×
10−19T−0.6 erg cm−2 is the cooling function for tempera-
tures between 105 K and 4×107 K (e.g. Cowie et al. 1981),
and mH is the mass of a hydrogen atom. For T ≃ 7.2×10
6
K (Slane et al. 2002), one has MX ≃ 10d
2.5
7 M⊙, that is a
quite reasonable value if the initial mass of the SN pro-
genitor star was ≥ 20M⊙ (in this case the progenitor star
ends its evolution as a WR star).
We note that the size and the general appearance of the
SNR G290.1-0.8 [elongated shell, roughly parallel to the
galactic plane; bright optical emission on either side from
the major axis of the SNR (e.g. Elliott & Malin 1979)]
suggest that the SN explosion occurs inside a cavity sur-
rounded by a massive (barrel-like) shell swept-up by the
fast WR wind. The large-scale interstellar magnetic field
(at low latitudes parallel to the plane of the Galaxy) accu-
mulated in the wind-driven shell reduces the column den-
sity near the magnetic poles of the shell (Ferrie`re et al.
1991), that leads to the elongated shape of the resulting
SNR and could be responsible for the bilateral distribu-
tion of the optical emission along the SNR’s shell (the
SN blast wave becomes radiative primarily near the mag-
netic equator, where the column density is maximum; cf.
Gvaramadze 1999b).
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